Hypoxia-inducible factor 1α (HIF-1α) is a transcription factor that plays a key role regulating the adaptive response to hypoxia. HIF-1α is stabilised during hypoxia and, after dimerization with HIF-1β, triggers the expression of different genes involved in cell cycle control and energy metabolism associated with cell survival. However, HIF-1α also regulates the expression of proapoptotic genes. The aim of this work is to ascertain the influence of HIF-1α on neurotoxicity evoked by hypoxia in rat cortical neurons. We found that mild hypoxia induces a time-dependent neuronal death that involves free radical production, mitochondrial depolarization, cytochrome c release and caspase 3 activation. Lentiviral mediated knockdown of HIF-1α markedly potentiated all these effects during the initial 24 hours of hypoxia suggesting that HIF-1α plays a neuroprotective role on hypoxia-mediated neuronal death. After this period, the protective actions of HIF-1α disappeared in agreement with the time-course of hypoxia-mediated HIF-1α stabilization. On the other hand, lentiviral mediated over expression of HIF-1α increased lactate dehydrogenase A, one of the target genes for HIF-1α, but did not show protective actions on hypoxia-mediated neuronal death indicating that the level of endogenous HIF-1α stabilization achieved during hypoxia is already the maximal required for the transcription activities of HIF-1α. These results indicate that HIF-1α is neuroprotective in the early phases of hypoxia.
Introduction
Hypoxia inducible factor 1α (HIF-1α), a transcription factor that is stabilized and activated by hypoxia, has been described as a master regulator of the cellular response to low oxygen tension. Under normoxia, HIF-1α is continuously synthesized and its protein levels and transcriptional activity are finely regulated by different mechanisms . The most important regulatory system is proteolysis by different oxygen-dependent mechanisms including hydroxylation by prolyl-hydroxylases Stolze et al., 2006 ) that allows its ubiquitination and proteosomal degradation (Cockman et al., 2000) . Once protein is stabilized, it dimerizes with the constitutively expressed HIF-1β subunit, leading to its translocation to the nucleus where it switches on a series of genes participating in compensatory mechanisms including regulation of angiogenesis (Forsythe et al., 1996) , vasomotor control (Palmer et al., 1998) , erythropoiesis (Wang and Semenza, 1993) , iron metabolism (Mukhopadhyay et al., 2000) , cell cycle control (Carmeliet et al., 1998) and energy metabolism (Ebert et al., 1995) .
Paradoxically, HIF-1α has also been related to hypoxia-dependent apoptosis (Carmeliet et al., 1998; Wood and Youle, 1995) . While HIF-1α dependent genes participating in the adaptive response to hypoxia are widely characterized, genes mediating its proapoptotic function remain largely unknown. Some of the genes identified include Nip3, a proapoptotic member of the Bcl-2 proapoptotic family (Sowter et al., 2001) , the stress response gene RTP801 (Shoshani et al., 2002) or the type II nitric oxide synthase (Palmer et al., 1998) . In addition, HIF-1α might act as a pro-apoptotic factor through its binding to p53 tumor suppressor protein which is able to increase the expression of target genes coding for pro-apoptotic proteins like Bax .
During an ischemic insult, HIF-1α levels decrease gradually from the ischemic core to more distant regions (Demougeot et al., 2004) indicating that induction and expression of HIF-1α in ischemic areas is heterogeneous. Moreover, both neuroprotective and detrimental effects of HIF-1α have been observed in different models of ischemia (Halterman et al., 1999; Siddiq et al., 2005; Helton et al., 2005; Baranova et al., 2007) . These controversial data might suggest that HIF-1α is involved in the cell response to ischemia with a dual effect depending on the severity of the insult. This dual effect makes important to establish if HIF-1α plays a neuroprotective or detrimental role on neurons during hypoxia and the molecular mechanisms involved in its actions. Ultimately, a better understanding of these processes might help to find new pharmacological targets to treat brain ischemia.
To elucidate whether HIF-1α plays a protective or detrimental role during mild hypoxia-mediated neuronal death, we studied the effect of lentiviral mediated over expression and knockdown HIF-1α and found that HIF-1α protects neurons from apoptosis under mild hypoxia for the first 24 hours. However, under prolonged hypoxia this neuroprotective effect is surpassed by the insult and the neurons eventually die by apoptosis.
Material and Methods
Cell culture.
Primary cultures of brain cortical neurons were essentially prepared as described previously (Posadas et al., 2010) . The frontal-lateral cortical lobes were dissected out of Sprague Dawley embryonic day 17 rat fetuses, and the cells were chemically dissociated in the presence of trypsin and DNAase I. After isolation cells were resuspended in serum free Neurobasal medium supplemented with B27 containing 2 mM L-glutamine, penicilin (20 U/ml) and streptomycin (5µg/ml), and plated on poly-L-lysine-coated 24-or 6-well plates or on poly-L-lysine-coated glass coverslips.
Cortical cells were maintained at 37°C in a saturated humidity atmosphere cointaining 95% air and 5% CO 2 and used for experiments after 7-12 days in vitro (DIV). All animals were treated and sacrificed in accordance with guidelines of the European Union (86/609/EEC) for the use of laboratory animals.
Lentiviral vectors preparation.
The self-inactivating bicistronic lentiviral transfer vector constructs pWPI and pLVTHM, as well as the second-generation lentivirus packaging and envelope plasmids, were obtained from Addgene (Cambrigde, MA). The map and the sequences of these plasmids are available at Addgene (http://www.addgene.org/).
The coding sequence for HIF-1α was cloned from rat brain cDNA (Quick Clone cDNA; Invitrogen) by PCR. The pWPI-HIF-1α-GFP vector was obtained by inserting the HIF-1α cDNA by blunt end ligation into pWPI using the PmeI restriction sites.
The vector pLVTHM-shRNAi-HIF-1α-GFP was constructed to express short interfering RNAs to silence HIF-1α expression. A sequence targeting HIF-1α was selected based on the rules for RNAi susceptibility proposed by Tuschl's group (Elbashir et al., 2001 ) and using the RNAi prediction program from the FBS. When subconfluent, 293T cells were cotransfected with 10 µg of lentiviral vector containing the transgene, 7.5 µg of the packaging plasmid psPAX2, and 3 µg of the envelope plasmid pMD2G, using the calcium phosphate transfection method.
After 16 h, the medium was replaced, and the virus particles were harvested 24 h later by collecting the medium. High-titer stocks (3 x 10 6 transduction units per microliter) were obtained by ultracentrifugation and resuspension of the viral pellet in 7 TNE buffer (50 mM Tris-HCl, pH 7.5, 130 mM NaCl, and 1 mM EDTA). Viral stocks were stored at -20°C and used within 1 month.
Transduction of cortical neurons with lentiviral vectors.
Cortical neurons were plated on poly-L-lysine-coated glass coverslips and immediately after plating different volumes of viral stocks were added. After 24 hours, the medium was replaced and at 48 hours post-infection, cells were washed with PBS and GFP fluorescence was observed using an excitation filter of 490 nm and an emission filter of 520 nm in a Nikon Diaphot inverted microscope equipped with a 75W Xenon lamp and a Nikon 40X, 1.3 numerical aperture, epifluorescence oil immersion objective. Transfection efficiency was calculated by counting the number of fluorescein-positive cells over total number of cells in 9 randomly selected regions from three independent experiments.
Hypoxia paradigm.
Cortical neurons were plated on poly-L-lysine-coated 24-or 6-well plates or on poly-L-lysine-coated glass coverslips. At DIV 7-12, cells were exposed to normoxia (Nx):
saturated humidity atmosphere cointaining 95% air and 5% CO 2 ; or hypoxia (Hx):
saturated humidity atmosphere cointaining 3% O 2 (which is equivalent to a pO 2 of 22.8 mm Hg which is slightly lower than the PO 2 of the blood in the venous compartment) 5% CO 2 , and balanced N 2, at 37°C. Hypoxic conditions were generated in a Heracell® 150 incubator (Kendro laboratory Products GmbH).
MTT Assay:
MTT assay was preformed as previously described (Posadas et al., 2007 Cortical neurons were plated on poly-L-lysine-coated 6-well culture plates. After 7-12 DIV, neurons were exposed to normoxia or hypoxia for different times. In another set of experiments, cells were transduced with pVTHM-shRandom or pLVTHM-shHIF-1α after plating and incubated under normoxia or hypoxia. Afterwards, cells were washed twice with cold PBS and lysed in lysis buffer containing 100 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulphonic acid (HEPES), 5 mM dithiothreitol (DTT), 5 mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′,-tetraacetic acid (EGTA), 0.04% Nonidet P-40 and 20% glycerol; pH 7.4. Extracts were then centrifuged at 5000 × g for 10 min at 4°C, and protein content was determined by using the bicinchoninic acid (BCA) protein assay according to the manufacturer's instructions (Pierce Biotechnology Inc.). Caspase 3 activity was determined as previously described using the fluorescence substrate Asp-Glu-Val-Asp-7-amino-4
trifluoromethyl-coumaryl (Z-DEVD-AFC) at 37°C (Jordan et al., 2000) . Caspase 3 activity was expressed as times fold of basal activity detected in normoxia-treated neurons.
Total lysates.
Cortical neurons were plated on poly-L-lysine-coated 6-well culture plates. After 7-12 DIV, neurons were exposed to normoxia or hypoxia for different times. In another set of experiments, cells were previously transduced with each lentivirus after plating and at 7-12 DIV incubated under normoxia or hypoxia for 6h. Afterwards, cells were washed twice with cold PBS and resuspended in homogenization buffer containing 10 mM Hepes, 0.32 M sucrose, 100 μM EDTA, 1 mM DTT, 0.1 mM PMSF, 40 μg/ml aprotinine, 20 μg/ml leupeptine; pH 7.4. Neurons were homogenated using a polytron (two cycles, 10 s at maximum speed). Homogenates were then centrifuged at 5,000×g for 10 min at 4°C. The supernatants, i.e. total lysates, were removed and stored at -80ºC until analysed by gel electrophoresis.
Preparation of cytosolic and mitochondrial fractions.
Cortical neurons were plated on poly-L-lysine-coated 6-well culture plates. After 7-12 DIV, cells were exposed to normoxia or hypoxia for different times. In another set of 9 experiments, cells were transduced with pVTHM-shRandom or pLVTHM-shHIF-1α after plating and incubated under normoxia or hypoxia for 18h. Afterwards, cells were washed twice with PBS, scraped and collected by centrifugation at 1500 xg for 10 min. Cell pellets were resuspended in extraction buffer containing 250mM
sucrose, 50mM Tris-HCl, 1mM EGTA, 2.5mM EDTA, 50 mM Na 3 VO 4 , 1mM DTT, 0.1mM PMSF, 40 µg/ml aprotinin, 20 µg/ml leupeptin; pH 7.4 and homogenized with a pellet pestle (Sigma, St Louis, MO, USA) (25 strokes) and, after 15 min on ice, centrifuged at 3000 xg for 5 min to remove cell nuclei and intact cells. Supernatants collected were then centrifuged at 20000 xg for 30 min at 4ºC. The supernatants, i.e.
cytosolic fractions, were removed and stored at -80ºC until analysed by gel electrophoresis. Pellets containing mitochondria were resuspended in 50 µl of extraction buffer, homogenized with a pestle (5 strokes) and then centrifuged at 20,000 xg for 60 min at 4ºC. The supernatants, i.e., mitochondrial pellets, were removed and stored at -80ºC until analysed by gel electrophoresis.
Preparation of cytosolic and nuclear extracts.
Cortical neurons were plated on poly-L-lysine-coated 6-well plates, cultured for 7-12 DIV and then incubated under normoxia or hypoxia during different times. After these periods of incubation, cells were washed twice with ice-cold PBS, scraped and collected by centrifugation at 1,500 xg for 10 min. Cell pellets were resuspended in extraction buffer A containing (Hepes 10mM, EDTA 1mM, EGTA 1mM, KCl 10mM, DTT 1mM, FNa 5mM, Na 3 VO 4 1mM, Leupeptin 1mg/ml, Aprotinin 0.1mg/ml, PMSF 0.5mM; pH 8). After 60 min on ice, Nonidet P-40 was added to reach a 0.5% concentration. Afterwards, the samples were gently vortexed for 15 s, and nuclei were sedimented by centrifugation at 20,000 xg for 30 s at 4 ºC. The supernatants,
i.e. cytosolic extracts, were collected and stored at -80°C until analysed by gel electrophoresis. Pellets were resuspended in 50 µl of Buffer B containing Hepes 20mM, EDTA 1mM, EGTA 1mM, NaCl 0.4M, DTT 1mM, FNa 5mM, Na 3 VO 4 1mM, leupeptin 1mg/ml, aprotinin 0.1mg/ml, PMSF 0.5 mM; pH 8, and proteins were extracted by shaking samples for 30 min at 4ºC. Afterwards, samples were centrifuged at 20,000 xg for 15 min. The supernatants, i.e., nuclear extracts were collected and stored at -80°C until analysis by gel electrophoresis.
Western Blot Analysis.
Western blots were performed as previously described (Jordan et al., 2002) . Protein samples from total lysates, mitochondrial, nuclear and cytosolic fractions (20 μg)
were loaded on 10% or 15% PAGE-SDS and transferred onto nitrocellulose GSH measurement:
Cortical neurons were plated on 24-well plates and transduced or not with each lentivirus after plating. At DIV 7-12, cells were exposed to normoxia or hypoxia for different periods of time. Then, cells were washed twice with cold PBS and scraped in 1 ml of PBS. Cells collected were counted using a Neubauer chamber and after centrifugation at 1,500 ×g for 10 min, the pellet was resuspended in 5-sulphosalicylic acid (3.33%) containing 0.25 mM EDTA to prevent oxidation of GSH and to inhibit GSH-utilizing enzymes. Tubes were frozen and thawed three times to break the cells and release GSH. The lysate was then centrifuged (10,000 ×g for 5 min at 4°C) and the supernatant transferred to tubes kept in dry ice until assayed for GSH content.
GSH measurements were performed as previously described (Posadas et al., 2010) .
Mithochondrial transmembrane potential.
Cortical neurons were seeded on poly-L-lysine-coated glass coverslips, cultured for 7-12 DIV and exposed to normoxia or hypoxia for different times. In another set of experiments, cells were previously transduced or not with pLVTHM-shRandom or pLVTHM-shHIF-1α after plating for 18h. Mitochondrial transmembrane potential was determined as preiously described (Tornero et al., 2011) . Briefly, cells were Statistical analysis.
Data are expressed as mean ± SEM. Statistical analyses were carried out using the one-way analysis of variance and Bonferroni's t-test for multiple comparisons.
Statistical results are given in the figure legends.
Results

Hypoxia induces apoptotic neuronal death
Cortical neurons were exposed to mild hypoxia (3% O 2 ) for different times and neuronal viability was determined using the MTT technique. LDH is a HIF-1α target gene which makes it unreliable as an index for toxicity under hypoxic conditions. Exposure of rat cortical neurons to reduced oxygen levels induced a time-dependent impairment of mitochondrial function (Fig. 1a) . To confirm that the observed reduction in mitochondrial function following hypoxia was related to a loss in neuronal viability, we studied chromatin condensation and nuclei fragmentation, by Hoechst-33342 staining. We observed that exposure of cortical neurons to mild hypoxia produced a time-dependent increase in the number of nuclei with condensed or fragmented chromatin suggesting that mild hypoxia was inducing apoptosis in rat cortical neurons (fig 1b) .
In addition, nuclei fragmentation was preceded by the release of cytochrome c from mitochondria to cytosol, which was initially detected at 6 h and maintained until 48 h (Fig. 1c) , and subsequently by caspase 3 activation that was significantly increased at 18 h after hypoxia exposure, peaking at 48 h and decreasing thereafter (Fig. 1d) . Taking together, these results indicate that moderate hypoxia induces cortical neuron apoptosis by activating the caspasedependent intrinsic apoptotic pathway.
Hypoxia induces stabilization and translocation of HIF-1α to the nucleus Next, we studied HIF-1α stabilization under mild hypoxia by exposing rat cortical neurons to hypoxia for different times. As it was expected, under normoxia conditions HIF-1α was undetectable, but when cortical neurons were exposed to hypoxia HIF-1α was detected, in total cell lysates, as early as 3 h, reaching maximal levels of expression between 6 h and 24 h (Fig. 2a) . It is interesting to note that HIF-1α expression decreased after 36 h, even if neurons were continuously exposed to mild hypoxia, being undetectable at 48 h (Fig. 2a) .
Since HIF-1α is a transcription factor, we explored whether there was also a translocation from cytosol to the nucleus. For this purpose, cortical neurons were incubated under hypoxia for different times, and cytosolic and nuclear fractions were obtained. Western blot analysis demonstrated that hypoxia not only promoted HIF-1α stabilization, but also promoted HIF-1α translocation from cytosol to nucleus as soon as 3 h after exposure to hypoxia (Fig. 2b, upper panel). The transcription factor was detected in nuclear fractions from 3 h to 18 h after hypoxia (Fig. 2b, lower panel) . Densitometric analysis of HIF-1α expression in nuclear fraction demonstrated that maximal levels of this transcription factor were achieved at 3 h and maintained at least for 18 h (Fig.   2b , lower panel).
Mild hypoxia increases superoxide production and alters mitochondrial transmembrane potential
Since mitochondrial function impairment has been related to an increased production in reactive oxygen species (ROS) we decided to study the ROS levels in neurons exposed to mild hypoxia. Cells were exposed to normoxia and hypoxia for different times and superoxide production at mitochondrial level was studied by using the selective mitochondrial probe
MitoSox. Cells were also stained with Hoechst-33342 to detect neuronal nucleus. Under normoxia, cortical neurons displayed a weak MitoSox fluorescence ( Fig. 3a) indicating that low levels of superoxide anion are produced by the mitochondrial transport chain. Exposure of cortical neurons to hypoxia induced a gradual increase of MitoSox fluorescence which was initially detected after 6 h and apparently peaked at 24 hours (Fig. 3a) . It is important to note that after 6 h a punctuate pattern of the MitoSox probe, suggestive of a mitochondrial localization, could be observed indicating that superoxide anions were initially produced in mitochondria, whereas after 18 h of hypoxia MitoSox showed a diffuse staining which might suggest a change in the mitochondrial outer membrane permeability that allows diffusion of oxidized MitoSox from the mitochondria to cytosol. Moreover as it can be observed by nuclear Hoechst-33342 co-staining, the increased superoxide production correlated with neuronal apoptotic death that became evident between at 18 and 24 hours after exposure to hypoxia (Fig. 3a, right column) . In accordance with the increase in superoxide anions production, sustained hypoxia caused a drastic reduction in neuronal gluthathione levels that was almost complete at 48 hours following ischemia (Fig. 3b) . This drastic reduction in GSt levels detected after 24 hours may be a contributing factor to the neurotoxicity induced by reduced oxygen levels.
As seen in Fig. 3c , exposure of rat cortical neurons to mild hypoxia induced the collapse of the mitochondrial membrane potential (Ψm), which is considered a point of no return in the death cascade. This reduction in Ψm was evident after 6 h of hypoxia and reached about 50% following 24h of hypoxia (Fig. 3c) .
Interestingly, the time-course for the dissipation of Ψm is similar to the one for cytochrome c release from the mitochondria to cytosol (Fig. 2a) . Moreover, hypoxia-generated superoxide anions might contribute to the hypoxia-mediated neuronal death because the cell-permeable superoxide dismutase (SOD) mimetic Mn-III tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP) partially prevents hypoxia-mediated death (Figure 3d ). Taken (Fig. 4a) . This high efficiency correlated with high efficacy in reducing the target protein expression. Cortical neurons were transduced with pLVTHM-shHIF-1α and the effect on HIF-1α expression was studied under normoxia or after 6 h of exposure to mild hypoxia. Results showed that under hypoxia pLVTHM-shHIF-1α reduced endogenous HIF-1α protein levels efficiently, triggering a reduction of ~95% compared with the levels of HIF-1α stabilized in hypoxia-treated neurons (Fig. 4b) , whilst a control pLVTHMshRandom vector did not modify HIF-1α expression. Thus, lentiviral-mediated shRNAi expression in cortical neurons selectively silenced HIF-1α expression under mild hypoxia.
Knockdown of HIF-1α increases hypoxia-induced neuronal death
Once determined that pLVTHM-shHIF-1α selectively prevents HIF-1α expression under hypoxia we explored whether HIF-1α was acting as a prosurvival or pro-death transcription factor under mild hypoxia in cortical neurons.
Cells were transduced with pLVTHM-shHIF-1α or pLVTHM-shRandom and then exposed to normoxia or hypoxia for different times. Under normoxia, HIF-1α knockdown did not modify neuronal viability throughout the period of study (data not shown). However, transduction of rat cortical neurons with pLVTHM-shHIF-1α increased hypoxia-mediated collapse of Ψm (Fig. 5a ), being the effect specific since transduction of rat cortical neurons with pLVTHM-shRandom did not modify the effect of hypoxia on Ψm (Fig. 5a ). The drastic fall in Ψm detected in rat cortical neurons lacking HIF-1α and exposed to hypoxia for 18 h could be related to an increased ROS production at mitochondrial level that led to a greater mitochondrial permeability transition. As a result of this drastic reduction of Ψm a greater amount of cytochrome c release from mitochondria was detected in cortical neurons lacking HIF-1α and exposed to hypoxia (Fig. 5b) as well as a greater activity of caspase 3 in total lysates obtained from these cells (Fig. 5c) .
Again, these effects on cytochrome c release and caspase 3 activation were specific of reduction of HIF-1α protein levels since pLVTHM-shRandom did not modify the effect of mild hypoxia on these parameters (Fig. 5b,c) . Moreover, HIF-1α removal potentiates hypoxia-induced reduction in gluthathione levels, but only during the initial 24 hours (Fig. 5d) . As a consequence of the above effects, HIF-1α removal potentiates mild hypoxia-mediated neuronal death, but only during the initial 24 h of hypoxia (Fig. 5e) indicating that the lack of HIF-1α
potentiates hypoxia induced-mitochondrial function impairment. It is interesting to note that this effect was sequence-specific because this phenomenon was not observed in cortical neurons transduced with pLVTHM-shRandom (Fig. 5e ).
These findings suggest that HIF-1α acts preventing the apoptotic neuronal death and support a neuroprotective role of this transcription factor in rat cortical neurons under the first 24 h of mild hypoxia.
Effect of HIF-1α over-expression on neuronal viability
Once established that HIF-1α plays a neuroprotective action during mild hypoxia, we attempted to protect cortical neurons from mild hypoxia by over increased the amount of HIF-1α stabilized compared to non-transduced and pWPI-empty vector transduced neurons exposed to hypoxia for 6h (Fig. 6a) .
Once determined that pWPI-HIF-1α was able to over-express HIF-1α under hypoxia the effect of this over-expression on neuronal viability was determined.
Surprisingly, and contrary to what we expected, HIF-1α over-expression did not prevent hypoxia-induced neuronal death (Fig. 6b) even though silencing experiments suggested a neuroprotective role for HIF-1α.
To be certain that over expressed HIF-1α was functionally active, the expression of LDH, a well-known target protein of HIF-1α, was determined under normoxic and hypoxic conditions. Western blot analysis showed that under normoxia pWPI-HIF-1α induced an increased expression of LDH that was dependent of the volume of the stock viral utilized to transfect neurons (Fig. 6c) indicating that the protein expressed by pWPI-HIF-1α was transcriptionally active. However, under hypoxia pWPI-HIF-1α was unable to increase LDH expression further than hypoxia did (Fig. 6d) , suggesting that the amount of HIF-1α stabilized by mild hypoxia was enough to reach the maximum activity of HIF-1α as transcription factor.
DISCUSSION
To maintain oxygen homeostasis, higher eukaryotes have developed specialized mechanisms to enhance oxygen uptake and distribution (Bruick, 2003) . In this sense, the transcriptional complex HIF-1 plays an essential role in cellular and systemic oxygen homeostasis (Lyer et al., 1998; Semenza, 1999; Semenza, 2000) .
HIF-1 is a heterodimeric transcription factor composed of HIF-1α and HIF-1β
subunits. Under normoxia, HIF-1α becomes ubiquinated and is rapidly degraded by the proteasome (Ivan and Kaelin, 2001; Jaakkola et al., 2001 ). However, under hypoxia HIF-1α is induced, stabilized, and translocates to the nucleus to regulate the transcription of a variety of genes involved in the adaptive response (Semenza, 2000) . Although HIF-1α largely participates in the adaptive response during hypoxia (Sharp and Bernaudin, 2004) , paradoxically it also might mediate hypoxic cell death (Carmeliet et al., 1998; Bruick, 2003; Vangeison et al., 2008) . In CNS, induction and expression of HIF-1α after an ischemic insult is heterogeneous (Demougeot et al., 2004 ) and it has been described to play both neuroprotective and detrimental effects depending on the severity of the insult (Helton et al., 2005; Baranova et al., 2007) .
The results reported here indicate that mild hypoxia (3% O 2 equivalent to a pO 2 of 22.8 mm Hg) causes a marked impairment of mitochondrial function leading to the collapse of the mitochondrial membrane potential and neuronal apoptosis by activation of the caspase-dependent intrinsic apoptotic pathway. In addition, we found that exposure of cortical neurons to mild hypoxia also induces the stabilization and translocation of HIF-1α at very initial times reaching the maximal levels of this transcription factor in the nucleus within 3 h after hypoxia. It is interesting to note that HIF-1α expression was maintained for the initial 24 hours of hypoxia, but the expression decreased after 36 h, being undetectable 48 h thereafter even if neurons 22 were exposed to sustained mild hypoxia for all the period of the study. This decrease in HIF-1α levels during prolonged hypoxia seems to be mediated by a decrease in its production rather by an increase in its degradation rate (Kong et al., 2007) . More interestingly, the time-course of reduction in HIF-1α levels paralleled the reduction in mitochondrial function and neuronal apoptosis, suggesting a neuroprotective role for HIF-1α that disappeared when HIF-1α was degraded.
Hypoxia-induced mitochondrial ROS production, which may occur either at complex I or complex III (Semenza, 2007) , might lead to a reduction in glutathione levels, the principal intracellular antioxidant system in CNS. In agreement with this, MnTBAP, a cell-permeable superoxide dismutase mimetic compound that catalyses the dismutation of superoxide radicals (Szabo, 1996; Keller et al., 1998) , prevented hypoxia-induced neuronal death and increased HIF-1α protein levels in cytosol although this increase did not correlate with an increase in the amount of the transcription factor that translocated to the nucleus.
To address whether HIF-1α was playing a neuroprotective or pro-apoptotic role during mild hypoxia, we knocked down HIF-1α using shRNAi against HIF-1α mRNA introduced into neurons using a lentiviral transduction protein expression. Knocking down HIF-1α protein expression significantly potentiated hypoxia-mediated mitochondrial function impairment, depletion of GSt and mitochondrial depolarization indicating that HIF-1α plays a protective role in cortical neurons under mild hypoxia conditions. This neuroprotective effect lasted for the first 24 hours of hypoxia, but it dissapeared at longer times when HIF-1α protein levels were rapidly declining.
These results agree with previous data indicating that HIF-1α also plays a protective role at very initial times in a model of chemical hypoxia in rat cortical neurons (Posadas et al., 2009 ) and point to a role for HIF-1α in maintaining the neuronal redox status. Supporting this view, silencing HIF-1α in a neuroblastoma cell line increases ROS production and cell death under low oxygen levels (1% O 2 ) or oxygen and glucose deprivation (Guo et al., 2009) .
The above results suggest that, in cortical neurons, HIF-1α prevents mild hypoxia injury mediated by ROS production for the first 24 hours. Therefore, we hypothesized that over-expression of HIF-1α would protect neurons from prolonged mild hypoxia injury. However, when cortical neurons over-expressing HIF-1α protein were exposed to mild hypoxia no beneficial effects were observed at any of the time points studied. To explain these unexpected results, we discarded that the lack of effect of HIF-1α over-expression on neuronal viability during mild hypoxia was due to the expression of an inactive transcription factor because HIF-1α increased the expression of LDH-A, a well-known target of HIF-1α , during normoxia. However, LDH-A levels were not higher than those obtained by exposing the neurons to hypoxia in the absence of HIF-1α over-expression. Moreover, besides a marked enhancement of HIF-1α levels following hypoxia in neurons transduced to over-express HIF-1 α, no further increase in the expression of LDH-A was observed as compared to untreated neurons exposed to hypoxia. This might suggest that mild hypoxia stabilizes the maximal amount of HIF-1α able to act as transcription factor and to exert its neuroprotective effect. A possible explanation could be that the partner HIF-1β was acting as limiting factor in the formation of the transcription factor in the cytosol so restricting the amount of HIF-1 that translocates to the nucleus. We are currently investigating this hypothesis.
In summary, the present data suggest that HIF-1α protects neurons from death, during the initial 24 hours, following mild hypoxia, but under prolonged hypoxia this neuroprotective effect wears down and neurons eventually die by apoptosis.
Moreover, our data suggest that new pharmacological approaches aimed to treat 24 neuronal death following hypoxia should be more effective if directed toward reducing the oxidative stress rather than to over-express HIF-1α.
LEGENDS. experiments.***p<0.001 as compared to neurons exposed to normoxia. 
